The nearly circular (mean eccentricityē ∼ 0.06) and coplanar (mean mutual inclinationī ∼ 3 • ) orbits of the Solar System planets motivated Kant and Laplace to put forth the hypothesis that planets are formed in disks, which has developed into the widely accepted theory of planet formation. Surprisingly, the first several hundred extrasolar planets (mostly Jovian) discovered using the Radial Velocity (RV) technique are commonly on eccentric orbits (ē ∼ 0.3).
nations. The prevalence of circular orbits and the common relation may imply that the Solar system is not so atypical in the Galaxy after all.
Orbital Eccentricities | Exoplanets | Transit | Solar System | Planetary Dynamics O ur knowledge of orbital shapes (parameterized with eccentricities) of planetary systems has been drastically advanced in the last two decades largely thanks to the RV planet surveys, but there remain some major puzzles. For example, the majority of RV planets are found on eccentric orbits (ē ∼ 0.3) [1] in contrast to the Solar system planets, raising a fundamental question: Is the Solar System an atypical member of the planetary system population in the Galaxy? [2] Furthermore, the RV method has some key limitations. For example, several notable biases and degeneracies can introduce considerable systematical uncertainties into the eccentricity distributions derived from the RV technique [3] [4] [5] . In addition, the majority of eccentricities measured using the RV method are for giant planets (e.g., Jupiter size), while the eccentricity distributions of smaller planets (e.g., Earth to Neptune size) remain poorly understood.
Complementary to the RV technique, the Kepler mission has discovered thousands of planet candidates down to about Earth radius using the transit technique [6] . About half of the Kepler planets are in systems with multiple transiting planets, and on average they are on nearly coplanar orbits similar to the Solar System (see review by [7] ). For most transiting planets, eccentricities cannot be directly inferred from the light curves alone. Individual light-curve-based eccentricity measurements have been made for a small number of planets, most of which are systems meeting special conditions such as giant planets with high eccentricities [8] , systems with precisely characterized host stars from asteroseismology [9] and highly compact and dynamically rich systems exhibiting transit timing variations (TTVs) (e.g. [10] ). Analyzing TTVs for a sample of transit systems also allows to constrain eccentricity distributions [11] , but this method only applies to a limited number (∼ 100) of systems with special (near-)resonant configurations.
Method
A robust general method to derive eccentricity distribution is based on the statistics of transit duration [12] -the time for transiting planets to cross the stellar disks. Based on Kepler's Third Law, for a planet on a circular orbit that transits across the stellar center, the transit duration T0 is uniquely determined by the orbital period P , the planet-tostar radius ratio r = Rp/R and stellar density ρ : T0 ∝ P 1/3 ρ −1/3 (1 + r). For an eccentric and inclined orbit, the transit duration T depends on the eccentricity e as well as the orientation of the orbit, which is described by the argument of periastron ω and the impact parameter b: T = T0 × (1 − b 2 )(1 − e 2 )/(1 + esinω) [1] P , T and r are observables that can be directly measured from the transit light curve with high precision. Using an ensemble of transiting planet systems, the distributions of ω and b can be modeled and used to infer the eccentricity distribution from the statistics of T /T0. Moreover, for systems with multiple transiting planets, the b distribution also depends on the mutual orbital inclinations (Throughout this paper, inclination and the symbolī always refer to the mutual orbital inclination unless otherwise stated.) among the planets, and thus both the eccentricity and inclination distributions can be inferred. See SI Appendix, section 3, for a full description of our methodology. This method hinges on the well-characterized host properties to derive reliable and precise stellar density ρ . Due to the difficulty of precisely characterizing large samples of stars, the method has hitherto not been applied to a large and homogeneous sample of Kepler planetary systems. Previous studies such as [13] have used stellar parameters from the Kepler input catalog (KIC), which are plagued by large systematic uncertainties (see SI Appendix, section 1). A recent study [9] uses a sample of 28 multi-transiting systems with precisely measured stellar densities from asteroseismology, and found that the planetary orbits in these systems have low eccentricities. The sample was nevertheless biased towards systems with asteroseismic detections, and did not include single transiting planets.
Results
Here, we derive the eccentricity distributions of 698 Kepler planet candidates using transit duration statistics. The analysis of this large and homogeneous sample [14] is made possible through spectroscopic observations by the Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST) [15, 16] with reliably derived stellar properties [17] from the LAM-OST Stellar Parameter (LASP) pipeline (see Sec 4.4 of [16] and also [18] ). See SI Appendix Section 1 for further discussions on stellar parameters.
Eccentricity Dichotomy. Our sample consists of 368 systems with single transiting planet candidates (Np = 1) and 330 planet candidates in multiples (Np > 1). For the two subsamples, we simulate T /T0 distributions with variousē and/or i assuming Rayleigh distributions, and fit them to the observed T /T0 distributions (see SI Appendix Section 4) . The results are shown in Fig. 1 and 2 for the singles and multiples, respectively.
The eccentricity distribution of singles is clearly non-circular with a mean eccentricity ofē = 0.32 ± 0.02. In contrast, the orbits of multiples are consistent with being circular and nearly coplanar, with a mean eccentricityē < 0.07 and a mean orbital inclinations 0.006 rad (0.3
• )<ī <0.038 rad (2.2 • ). We further divide the multiples into subsamples with Np = 2, Np = 3 and Np > 3 transiting planets. We find that the mean eccentricities of these three subsamples are all close to zero and comparable to each other within statistical uncertainties, in contrast to the large mean eccentricity of singles (Fig. 3) . Our results indicate an abrupt transition ofē from singles (Np = 1) to multiples (Np > 1) rather than a smooth correlation with Np as suggested from the study on the RV sample [19] . The low eccentricities of multiples found here are consistent with previous studies of smaller samples [9, 11, 20] and individual systems, e.g., Kepler-11 [10] , Kepler-36 [21] etc.
Singles: Two Populations. When viewed from different orientations, a multiple-planet system can result in multi-transiting and single-transiting systems. Our results provide a direct evidence that not all Kepler single-transiting system come from the same underlying planet population as the systems with multiple transiting planets. Instead, the Kepler planet population is likely dichotomic in eccentricities: at least some of the single-transits come from a dynamically hotter population than the underlying population of multi-transiting systems.
We are therefore motivated to investigate the transit duration ratio of singles with a two-population model (Fig. 4) . In the model, we fix the dynamically cold population with an eccentricity distribution corresponding to the best fit of multi-transiting systems, and fit the fraction (F hot ) and mean eccentricity (ē hot ) of the hot population. The best-fit two-population model provides a statistically significant improvement over the one-population model in matching the observations. We find that the hot population makes up a small fraction of the sample (F hot ∼ 16% − 36%) with an even higher mean eccentricity (ē hot > 0.47), indicating that the singles are probably dominated by a cold population
Prevalence of Circular Orbits. As the singles contribute to about half of all the Kepler planets, the fraction of planets in the cold population out of the whole sample is even higher (∼ 80% − 90%), leading to a conclusion that most Kepler planets are on near-circular orbits. The dominance of nearcircular orbits may imply that planets mostly form and evolve in a relatively gentle manner dynamically. Violent dynamical scenarios which excite high eccentricities, for example through planet-planet scattering [22] and close stellar encounters [23] , therefore must be relatively rare, unless there are subsequent processes that efficiently circularize the orbits.
A common relation between eccentricity and inclination. The low eccentricities and inclinations of the Kepler multiples are naturally expected from simple considerations of terrestrial planet formation [24] , and they are consistent with the expectation from the well-established coplanarity of the Kepler multiple systems (ī ∼ a few degrees) [25, 26] , resembling the Solar System planets. Further comparing the orbital properties of Kepler multiples to those of the Solar System objects, we find an intriguing pattern: orbital eccentricities and inclinations are distributed aroundē ∼(1-2)×ī (see Fig. 5 ). All the regular moon systems are located in the dynamically cold end (bottom left), while the Asteroid Belt objects and TransNeptune objects (TNOs) are located in the dynamically hot end (up-right). Interestingly, the Kepler planets and the Solar System planets (ē ∼ 0.06,ī ∼ 3
• ) are located in the intermediate region and close to each other. Note that the Kepler single-transiting systems are not shown in Fig. 5 because we cannot measure their inclination distributions. If they were following the same pattern, they would be located in the dynamical hot region (up right corner of Fig. 5) given their large mean eccentricity. If true, we would expect that the obliquity of Kepler single transiting systems should be systematically larger than those of the Kepler multiples [27] .
Discussions
In contrast to the low eccentricity of multiple-transit systems, the mean eccentricity of single-transit systems is much higher and similar to that of planets found by RV surveys, but unlike the RV planets, most of the Kepler single-transiting systems are sub-Neptune-sized planets (< 4 Earth radii). We further compare the singles to the multiples in terms of planetary properties (radius and orbital period) and host properties (stellar mass, radius, metallicity and surface density). We found that these parameters are unlikely to play a decisive role in forming the eccentricity dichotomy (SI Appendix section 2.1). The dichotomy may have important implications for planet formation and evolution. From the perspective of evolution, current studies have found that the architecture of a planetary system may depend on various conditions during planet formation, e.g., the total mass and distribution of solid [28] and the degree of depletion of gas [29] in the planet-forming disk. From the perspective of evolution, long-term planet-planet interactions can sculpt the planet architectures [30] [31] [32] after planet formation. The eccentricity dichotomy found in this work may help to pin down the initial conditions for planet formation and shed light on planet dynamical evolution.
One important concern about the eccentricity dichotomy is the likely larger false positive (FP) rate of the singles as compared to that of the multiples. To investigate this issue, we perform two sets of analyses (see SI Appendix section 5.4) . In the first set of analysis, we remove singles with large FP probability to reduce the total FP rate of single sample to a degree (a few percents) that is comparable to that of the multiple sample. In the other analysis, we model the effects of the FP on transit duration ratio distribution by injecting FPs into our simulations and fit the data. Both analyses lead to results (SI Appendix Fig.S13, Fig.S14, Fig.S16 and Fig.S17 ) that are consistent with those shown in Fig. 4 . Based on these analyses, we conclude that FP should not qualitatively change our main conclusion, namely the Kepler singles are composed of dynamically cold and dynamically hot populations.
The correlation between eccentricities and inclinations shown in Fig. 5 is generally expected from popular planet formation models, which predict that orbital eccentricities are less than twice of orbital inclinations on average [33] (the grey region in Fig. 5 ). In fact,ē ∼ 2ī is consistent with the prediction of energy equipartition among the various degrees of freedom of planetary orbit [34] . The prevalence of circular orbits among Kepler planets and the common pattern between Kepler multiples and Solar System planets may imply that our planetary system is not so atypical in the Galaxy after all. Supporting Information (SI) Appendix 
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Stellar Parameters
LAMOST has been performing large-scale Galactic surveys with the spectral resolution R ∼ 1800 [35, 36] , and the LAMOST observations of the Kepler field started in 2011 [14] . We use the stellar parameters extracted from the LAMOST Stellar Parameter Pipeline (LASP) (see Sec 4.4 of [16] and also [18] ) in the "AFGK high quality stellar parameter catalog" of LAMOST DR1, DR2 and DR3-alpha data releases. There are 29553 unique Kepler targets that have LAMOST/LASP stellar parameters. We perform several internal and external examinations on the accuracy of LAMOST/LASP stellar parameters for the dwarfs.
There are 5924 Kepler targets that have LAMOST/LASP stellar parameters from more than one epochs of LAMOST observations. We assess the internal errors by making comparisons of the multiepoch observations for the same objects. We use the unbiased estimator [37] 
.., n, where i denotes each of the individual measurement of n repeated measurements for the stellar parameter Q for each star. Fig. S1 shows ∆T eff , ∆log(g) and ∆[Fe/H] using the unbiased estimator (black dots). We calculate the 68.3% confidence interval in various bins of g-band Signal-to-Noise-Ratio per pixel (SNRg) from LAMOST/LASP and find that they are well described by the secondorder polynomials as a function of SNRg shown in Fig. S1 . For measurements with high SNR (SNRg > 50), the internal errors in T eff , log(g) and [Fe/H] are less than 35K, 0.05 dex and 0.03 dex, respectively.
Following a previous approach of external examination of LAMOST/LASP stellar parameters [17] , we compare the LAM-OST/LASP parameters with those obtained from the high-resolution spectroscopy with the SPC method [38] . There are 87 stars in common between the SPC and LAMOST/LASP samples. The results of the comparison are shown in the top three panels of Fig. S2 . The mean differences are small: ∆T eff = 27K, ∆log(g) = −0.04 dex, ∆[Fe/H] = 0.015 dex, respectively. For those with SNRg > 50, the standard deviations in ∆T eff , ∆log(g), ∆[Fe/H] are 101K, 0.15 dex, 0.074 dex, respectively. Because there are a small number of common stars with low SNRs, it is difficult to calibrate the errors directly from external calibrators for low-SNR measurements. In order to estimate the error bars for both high-and low-SNR measurements, the standard deviations derived from high-SNR measurements are added in quadrature with the internal error bars in the form of the second-order polynomials shown in Fig. S1 . Since the standard deviations for high-SNR measurements from the external calibrations are much larger than the internal errors at similar SNRs, this approach keeps external error calibrations at high SNRs while takes the internal calibrations into account for low-SNR measurements.
We have also made comparisons in log(g) with the Kepler asteroseismology sample for solar-type stars [39] . There are 260 common stars between the LAMOST/LASP and the seismology samples. We find that the log(g) determinations from LAM-OST/LASP are in excellent agreement with asteroseismic values, with ∆log(g) = 0.03 ± 0.09 for SNRg > 50 (see the red points in the bottom panel of Fig. S2 ). The dispersion (0.09 dex) is smaller than that from the comparison with the spectroscopic sample (0.15 dex). The larger dispersion for the latter likely reflects the systematic uncertainties in the SPC method, as demonstrated by comparison with the Kepler seismology sample [40] . We apply the same quadrature corrections taking into account for the internal errors and the resulting values as a function of SNR are shown in Fig. S2 (dashed line in the bottom panel). Note that similar comparisons have been made before for LAMOST log(g) but mostly for giant stars [41] or a mixture of giant and dwarf stars [16] . For giant stars, LAMOST log(g) appears to have larger uncertainties compared to that for the results for the dwarfs studied here.
Fig . S3 shows the T eff and log(g) distributions of the LAMOST (black), high-resolution spectroscopy (blue) and asteroseismology (red) samples discussed above. For the planet hosts studied in our main work, we only include dwarfs with log(g) > 4 (log(g) = 4 is shown as dashed line). Even though asteroseismology provides higher precision in log(g) than high-resolution spectroscopy, the available seismology stars cover poorly for log(g) > 4.4 thus possibly limiting the parameter space for its applicability. Given the limitation for both calibrators, we adopt two sets of log(g) with uncertainties determined from high-resolution spectroscopy and seismology respectively, and we derive the eccentricity distributions using both sets of log(g) uncertainties separately. We have also make similar comparisons with the SPC sample published in 2014 [42] , and there are twice as many common stars available as compared to the 2012 sample [38] used above. The mean differences and standard deviations of ∆T eff , ∆log(g), ∆[Fe/H] are 15K ± 111K, −0.04 ± 0.15, −0.05 ± 0.14 for the 2014 sample. The standard deviations in ∆T eff and ∆log(g) are similar to the 2012 sample while twice larger in [Fe/H]. This likely due to the new prior in log(g) introduced to the 2014 study [42] and the covariance between log(g) and [Fe/H] . In this work, we adopt the uncertainties derived from earlier SPC sample [38] . Fig. S4 shows the comparison in log(g) between the Kepler input catalog (KIC) [43] and LAMOST/LASP. KIC stellar parameters are widely used for studies of Kepler planets, including previous studies of Kepler planet distributions using transit duration statistics [13] . From the comparison, for stars with log(g) LAMOST > 3.5, the standard deviation of ∆log(g) = log(g) KIC − log(g) LAMOST is 0.3 dex, translating to 0.45 dex in uncertainties for ρ * . In addition, there are serious trends of ∆log(g) as a function of stellar parameters, in particular log(g). The average ∆log(g) is close to zero for stars with close to solar gravity log(g) ∼ 4.4, but for the stars bigger than the Sun, the KIC log(g) values tend to be under-estimated while for the stars smaller than the Sun, the KIC log(g) tend to be over-estimated. The dynamical range of KIC log(g) is smaller than the spectroscopic log(g). The large dispersion and severe systematic render any statistical studies based on KIC log(g) likely untrustworthy.
We determine the stellar mass, radius and density with the LAMOST/LASP T eff , log(g), [Fe/H] using isochrone fitting on a dense grid of isochrones. We use the 2012 version of the interpolated isochrones from "The Dartmouth Stellar Evolution Database" [44] with a range of [Fe/H] from -1.5 dex to 0.5 dex (grid size of 0.02 dex) and stellar age from 1 to 13 Gyrs (grid size of 0.5 dex). We have also applied a separate method [45] with the Dartmouth isochrones and found good consistency between the two.
The Sample
We adopt the transit parameters from the cumulative Kepler planet candidate catalog reported at the NASA Exoplanet Archive (exoplanetarchive.ipac.caltech.edu; retrieved on June 29th, 2015). We crossmatch the Kepler planet candidates with LAMOST data releases discussed above, and there are 941 planet candidates with host stars characterized by the LAMOST spectroscopy. We further rule out those unusual large candidates (radius Rp > 15 Earth radii) and those with too low transit signal noise ratio (SNR< 7.1) (more discussion on the cuts on planet parameters in Section 5.4 and 5.5) and sub-giant/giant hosts (surface gravity log(g) <4), which have relatively large false positive rate [46] . We also rule out a handful of candidates with less than 3 transit, as the number of transit is too few to obtain accurate orbital period. After the cuts, we have a final sample of 698 planet candidates orbiting 501 stars. The stellar and planetary properties can be accessed from the Supplementary dataset.
Singles vs. Multiples.
Our sample consists of 368 and 330 planet candidates in single and multiple transiting systems, respectively. The multiplicity rate is about 47%, which is comparable to that of the total Kepler sample (42% if applying the same cuts above), showing that LAMOST observations were unbiased with respect to singles or multiples as compared to the full Kepler sample. In Fig. S5 , we compare various properties (stellar and planetary) for the two subsets. All stellar parameters are from the LAMOST spectral characterizations. The planet orbital periods are adopted from the Kepler catalog. The planet radii are calculated via Rp = R * r with R adopted derived from LAMOST and the ratio of planet and star radius, r, from the Kepler catalog. There appears to be no significant difference (i.e., KS p value <5%) between the singles and multiple in terms of stellar mass, radius, metallicity, surface gravity, except for planetary radius and orbital period. If we further cut the sample to eliminate those candidates in the regime with relatively high false positive rate (i.e., Rp > 6R ⊕ and orbital period P < 3 day), we find that the differences in various parameters between singles and multiples are even smaller. As we show below (Section 4 and 5), these two populations however differ substantially in their transit duration ratio distributions and thus their orbital eccentricities.
Comparison with the RV Sample. From the Exoplanet Orbit
Database (exoplanets.org) [1] , we find 439 RV planets. Fig. S6 shows the distributions of planetary mass in the RV sample and the estimated mass assuming a simple mass-radius relation from our sample. We see that the two samples occupy different part of parameter space. The RV sample is primarily composed of giant planets, while our sample contains mainly small planets (Earth to super-Earths and/or sub-Neptunes).
Comparison to Previous Studies.
Recently, Hadden & Lithwick (2014) [11] have extracted the eccentricity distribution of 139 nearresonance Kepler planets/candidates from transit timing variation (TTV sample). They find the orbits of these near-resonance planets are nearly circular with mean eccentricityē ∼ 0.02. Van Eylen & Albrecht (2015) [9] have derived the orbital eccentricities of 66 Kepler planets (candidates) in 28 multiple transiting systems whose host stars are characterized by asteroseismology (seismology sample). They also find these multiple systems are generally with small eccentricities. Shabram et al. 2015[47] have calculated the eccentricities of 50 short period Kepler planets (candidates) by occultation (i.e., secondary eclipse) (occultation sample). They find that the mean eccentricity is about 0.08 and a two-component model provides a better fit.
In Fig. S7 , we compare our sample (LAMOST sample) to the samples of these previous studies, in terms of stellar and planetary properties. The stars in the seismology sample are biased toward sub-giants. Due to the requirements for having occultation, the occultation sample contains mostly giant planets on short orbital period, in contrast with the predominantly sub-Neptune planets of the whole Kepler planet sample and our sample. We note that [48] also studied the eccentricity distribution of Kepler giant planets and found that it was consistent with that derived from RV giant planets. Due to the TTV detection limit, the TTV sample are restricted to planets with relatively large radius (larger radius corresponds to higher SNR) and intermediate period (shorter period corresponds to shorter transit duration, longer period corresponds to fewer transit). Furthermore, TTV studies are restricted to special orbital configurations of near-resonance. In contrast, the host stars and planets in the LAMOST sample are broadly distributed and represent an unbiased and homogeneous sample from Kepler.
Simulations of Transit Duration Ratio Distribution
In this Section, we describe the method and procedure that are used to model the transit duration ratio distribution. Compared to previous studies [13] , there are two major improvements in our modeling. Moorhead et al. [13] stressed the importance of uncertainties of stellar and transit parameters in modeling transit duration ratio but they did not take these uncertainties into account when comparing with observation. We include the uncertainties in our modeling. Second, we treat singles and multiples separately. In particular, when modeling the transit duration distribution for multi-transiting systems, it is important to take the mutual inclination distribution into account. We stress that these two corrections are crucial for transit duration statistics to infer eccentricity from Kepler, and without taking them into account, it can lead to serious errors.
Single Transiting Systems.
For each planet candidate in singletransiting systems, we perform the following steps to generate a simulated transit duration ratio.
Step 1: We first draw an eccentricity (e) between 0 and 1 from a Rayleigh distribution [49, 50] ,
where σe is the Rayleigh parameter and the mean eccentricitȳ e = σe π/2. We repeat this step if (1 − e)a R < 1 because it is unphysical (the planet is inside the star). Here a R is the ratio of orbital semi-major axis (a) and the radius of the host star (R ). Considering the Kepler's third law, we have
where P and ρ are the transit orbital period and the density of the host star, and they are adopted from the observed values for a given system. Note that for large σe, due to the eccentricity cutoffs (e < 1 and (1 − e)a R > 1), the mean eccentricity of those drawn from our simulation is smaller thanē = σe π/2, and we report the mean eccentricity calculated from the simulation.
Step 2: We draw a prior argument of pericenter (ω) and a prior cos i 0 from a uniform distributions and calculate the impact parameter,
where i 0 is the orbital inclination with respect to the plane of the sky, and c = (1 − e 2 )/(1 + esinω).
[S4]
If b > 1 + r, where
is the radius ratio of planet/star, it indicates that no transit occurs, then we go back to Step 1. In practice, we set the maximum of cos i 0 as min(1, (1 + r)/(a R c)) to avoid drawing a lot of non-transiting cases. After the above transit selection (by cutting off b > 1 + r), the distribution of the simulated ω (especially in the case of large eccentricity) will deviate from the prior uniform distribution because of the well-known geometric effect [51] , namely, transit probability is enhanced near the periastron and reduced near the apstron.
Step 3: We calculate the transit duration (total duration, first to fourth contact) following Kipping (2010) [52] , namely
For illustrating purpose only (we always use Equation S6 in our computation), the above equation can be approximately reduced to,
where the function
and T 0 is a characteristic time scale, denoting the transit duration if the planet moves on a circular orbit and transits the center of the host star. T 0 is calculated from Equation S6 by setting e = 0 and b = 0, and it can be expressed as
The transit duration ratio (TDR) is defined by
Note that here TDR mod is the duration ratio predicted from pure theoretical model without any observational uncertainty.
Step 4: To simulate a transit duration ratio observation, one needs to consider the observational uncertainties of T and T 0 . The simulated duration T sim is obtained by taking the observed duration into account (assuming a Gaussian distribution),
[S11]
where σ T obs is the observed uncertainty of T obs and R N is a random variable drawn from a normal distribution centered at 0 and with standard deviation of 1. Here we assume the simulated transit duration has the same relative uncertainty as the observation. Similarly,
[S12]
By propagating errors, the relative error of T 0 can be expressed as
where σρ and σr are the observed uncertainties of ρ and r, and R N is a random number drawn from a normal distribution centered at 0 and with standard deviation of 1. Note the two R N in equations (S11) and (S12) are indepedent. For each simulated T sim , following Fabrycky et al. [26] , we assign a signal noise ratio SNR sim = SNR obs T sim /T obs , where SNR obs and T obs are the observed transit signal noise ratio and duration. We uses a SNR cut to take into account the detection efficiency of the Kepler pipeline. We go back to Step 1 if SNR sim < 7.1. About 5% of simulated transits are eliminated by the SNR cut. Otherwise, the ratio T sim /T 0sim contributes to the simulated transit duration ratio distribution, namely,
[S14]
The uncertainty of TDR sim or TDR obs is given by
[S15]
Here, the covariances among the parameters (T obs , ρ and r) are ignored. Their contributions are minor, and the total uncertainty is dominated by that from the stellar properties, σρ 3ρ
as shown in Fig. S8 .
In the single-transiting case, the only free model parameter is the mean eccentricityē.
Multiple Transiting Systems.
For multiple transiting systems, the method is the same as above except for drawing inclination cos i 0 distribution in the Step 2 of Section 3.1.
For single transiting systems, the cos i 0 from different systems are independent of each other. However, this is not the case for multiple transiting systems, where cos i 0 of different planets in the same system are correlated. In order to take into account the above effect, for a multiple transiting system, we first draw a reference cos i 0 uniformly, then for each transiting planet in the system, similarly to Fabrycky et al. [26] , we set its cos i 0 as
where R N is a random number drawn from a normal distribution centered at 0 and with standard deviation of 1, resulting in a Rayleigh distribution of width σ i in mutual inclination i, namely
where σ i is Rayleigh parameter and the mean inclinationī = σ i π/2. In the multiple transiting case, there are two free parameters for modeling the transit duration ratio, which are the mean eccentricitȳ e and the mean inclinationī. Note that we simulate transit duration ratios system by system. A simulated system is selected if all the simulated planets in the system have enough S/N to be detected.
Transit Duration Ratio: Observations vs Simulations
In this section, we describe using Maximum Likelihood (hereafter ML) method to estimate the planet eccentricity and/or inclination distributions by modeling the observed transit duration ratio distributions.
We calculate the likelihood L as a function ofē and/orī, and the best-fit model has the maximum L. The likelihood function L is computed similarly to Hadden & Lithwick [11] . The likelihood that a given planet in our sample has observed transit duration ratio TDR obs is L(TDR obs |ē,ī) =
where the first term on the right hand side, P (TDR|ē,ī), is the probability that the transit duration ratio as determined by the theoretical model (equation S10), assuming the model parametersē andī are randomly drawn from the Rayleigh distribution (equations S1 and S17). The second term, exp[−(TDR − TDR obs ) 2 /2σ 2 TDR ], is the probability that the model TDR generates the observed one TDR obs given the noise distribution. Here σ TDR is the 1-sigma uncertainty of TDR obs (equation S15). We compute the total likelihood L by multiplying together the likelihoods for all planets.
Single Transiting Systems.
In this case, the only fitting parameter is the mean orbital eccentricityē. We consider a series ofē from 0.0001 (essentially 0) to 0.6 with an interval of 0.002. For eachē, following section 3.1, we generate 300 simulated transit duration ratio TDR mod for each planet to calculate the probability P (TDR|ē) in equation S18. The total likelihood, L is plotted as a function ofē in Fig. 1 in the main text. The likelihood values are then smoothed as a function ofē using a spline function to estimate the confidence intervals (1-σ: 68.3%, 2-σ:95.4% and 3-σ: 99.7%).
Multiple Transiting Systems.
In this case, the fitting parameter is the mean orbital eccentricityē (equation S1) and mean mutual orbital inclinationī. We consider a grid ofī −ē, whereī from 0.00001 (essentially 0) to 0.2 (∼ 11.5 • ) with an interval of 0.002 and e is from 0.0001 (essentially 0) to 0.4 with an interval of 0.01. For each pair ofē andī, following section 3.2, we generate 100 modeled transit duration ratios TDR mod for each planet to calculate the probability predicted by the model, i.e., P (TDR|ē,ī) in equation S18. L is shown as a contour map in the plane ofī −ē in Fig. 2 in the main text, which gives the confidence intervals (1-σ: 68.3%, 2-σ:95.4% and 3-σ: 99.7%) ofī andē.
Further Discussions
An Abrupt Transition or A Smooth Correlation?.
Recently, Limbach & Turner [19] analyzed the RV planet sample and they reported that the planetary eccentricity is anti-correlated to planetary multiplicity -the mean eccentricity progressively decreases with the number of planets in the system. In our work, as shown in Fig. 3 , allē in the three multiple subsamples are comparable within uncertainties and close to zero, which is in contrast to the relatively largeē in the single subsample (Np = 1). This suggests an abrupt transition rather than a smooth correlation as a function of number of transiting planets in the system. However, we caution that it is challenging to make a direct comparison between these two works: First, the majority of RV planets are Jovian planets, while most Kepler planets are super-Earths/Sub-Neptunes. Second, the detection efficiency and selection bias are different between RV and Kepler transit surveys, thus the number of planets in the system Np have different meanings between the two works. For example, some single transiting systems can come from intrinsically multiple-planet systems with only one planet transiting (see more discussions in the next section).
Impact Parameter Distribution.
Transit light curves contain information of impact parameter (e.g., Seager & Mallen-Ornelas [53] ) and in principle, such information can be incorporated into modeling the transit duration ratio distributions. In practice, inferences of individual impact parameters are most reliable for the Kepler planets with short-cadence (1 min) data, good knowledge of limb darkening and/or deep transits (i.e., high SNRs) [54] . Previous works (e.g., see Fig. 9 of Swift et al. [55] ) have shown that impact parameter is difficult to determine from the long cadence data. As our sample is mainly composed of small planets (thus relatively shallow depth) with long cadence (30 minutes) data, we choose not to use the derived impact parameters for individual objects. Instead, we model the impact parameter distribution from simulation as given in supplementary Section 3.
In the following, we discuss the impact parameter distributions of the singles, which are plotted in Fig. S9 . The blue and green lines depict the distributions in our nominal simulation with signal noise ratio cut SNRc = 7.1 and simulation with SNRc = 15 (see section 5.5), respectively. The impact parameters are smaller compared to the uniform distribution (black dashed line) [55] , and this is because smaller impact parameters lead to larger transit duration and thus higher SNR (i.e., more detectable).
There is another additional possible bias for having relatively larger contribution from larger impact parameters for singles. If a significant fraction of single-transiting systems come from coplanar multiple planet systems, their impact parameters should be biased towards large value to avoid seeing outer planets. In the following, we show that this bias is minor.
We generate a synthetic single transiting population by following the method described by Fang & Margot [56] . Specifically, we first generate 10 6 planetary systems assuming that each systems have N planets with mutual orbital inclination of i. Here N is drawn from a bounded uniform distribution represented by a single parameter λ, and i is drawn from Rayleigh distribution with a scaling parameter of σ i . We adopt λ = 2.5 (best fit of Fang & Margot [56] ), and σ i = 2 • (motivated by our results shown in the Fig. 2 of the main text) . We then arbitrarily select a viewing angle and choose the single transiting systems. The red line in Fig. S9 shows the impact parameter distribution of the synthetic single transiting population. As compared to the uniform distribution, it biases towards large impact parameter as expected. Adopting the synthetic impact parameter distribution to fit the transit duration ratio, we obtainē = 0.275 +0.029 −0.026 , which is consistent with our nominal result shown in the Fig. 1 of the main text.
Outermost of Multiples.
For multiple transiting systems, if we only consider the outermost ones, then there is no need to fit the mutual inclination. In this case, we can do eccentricity-only fit as is done for the singles to perform a direct comparison. Fig. S10 shows the eccentricity fitting results for the outermost of multiples, which are consistent with nearly circular orbits in contrast to the relatively large eccentricities of singles (Fig. 1 in the main text) . The results reinforce our conclusion: on average, multiples are dynamically cold while singles are hot.
False Positive.
The majority of Kepler planet candidates lack direct confirmation with RV, and it is important to assess how much the false positives (FPs) may affect the eccentricity distributions derived in our work. The overwhelming majority of Kepler multiples (∼ 98%) are believed to be bona fide planets [57] , thus the issue of FPs is most concerning for the single-transiting systems. We perform the following two sets of analyses to study the effects of FPs on our results.
(1) We attempt to eliminate KOIs with large estimated false positive probabilities (FPPs) by making various cuts on our sample.
First, we remove subsets of our samples with large estimated FPPs. Indirect statistical estimates generally find a low ( 10%) averaged FPP for the entire sample of Kepler planet candidates [58] [59] [60] [61] but the FPPs can be much higher for certain subsets of candidates. Approximately half of the Kepler giant planet candidates measured by Santern et al. [62, 63] with radial velocities are found to be FPs, and statistical studies also find that FPPs are substantially higher for large planet candidates (radius >6R ⊕ ) [59, 61] . [64] found that FPPs can also depend on orbital periods, and the close-in planet candidates with orbital period <3 d may have higher FPPs. We remove the large (>6R ⊕ ) and close-in (< 3 d) planet candidates, yielding smaller samples with 280 and 291 planet candidates in the single and multiple transiting systems, respectively. The transit duration ratio distribution fits to these two samples giveē = 0.285 +0.024 −0.023 for singles andē ≤ 0.076, 0.017 <ī ≤ 0.065 for multipls, and they are consistent with the results shown in Fig. 1 and 2 in the main text.
Second, we reduce the averaged FPP of our sample by eliminating the candidates with large estimated FPPs by Morton et al. [61] . Recently Morton et al. [61] published their FPP estimates for all KOIs individually, and their estimates are consistent with existing direct RV measurements such as Santern et al. [63] .
At first thought, one might proceed the analysis by selecting the KOIs with low FPP (e.g., FPP< 4.6% and FPP< 0.3%, corresponding to 2-σ and 3-σ confidence for true planets). However, we find that only analyzing those with low FFPs can be problematic. Fig.S11 shows the transit duration distributions of single-transiting planet candidates with various FPP cuts. The distributions for FPP< 4.6% (2-σ; red) and FPP< 0.3% (3-σ; cyan) differ significantly. Both distributions are truncated at T /T 0 0.3 − 0.4, while T /T 0 should get down to ∼ 0 (corresponding to impact parameter b = 1) in any physically valid models. Similar patterns show up for multiple-transiting systems by performing the same FPP cuts (see Fig. S12 ) and the resulting distributions are not consistent with any models (e.g.,ē = 0 − 0.5, gray and black lines), signifying the failure with this approach. A main problem with this approach is that, cutting at a low FPP threshold (e.g., FPP<4.6%) excludes a significant fraction of KOIs with relatively high probabilities being true planets (e.g., FPP∼10% thus ∼ 90% probability being true planets). While in Morton et al. [61] , transit duration is used as part of input information to infer FPP, so FPP may have some dependence on transit duration. For example, some true planets at high impact parameters and thus small transit duration ratios can have relatively large FPPs. Cutting the sample at low FPP thresholds can therefore remove true planets in a way that depend on their transit duration ratios, which in turn introduces a bias in the resulting transit duration ratio distribution. In our single-planet sample, according to Morton et al. [61] , the mean FPP is ∼ 12%, but performing cuts of FPP< 4.6% and FPP< 0.3% remove ∼ 27% and ∼ 49% of the sample, respectively. So the difference between the transit duration ratio distributions of the < 4.6% and < 0.3% FPP cuts are not mainly caused by eliminating FPs but rather by removing a large fraction of true planets in a biased fashion from the sample.
Instead of keeping planet candidates with low FPPs, we choose to remove planet candidates with high FPPs. We find that in Morton et al. [61] , the FPPs of the sample are dominated by those with high FPPs. If we remove planet candidates with high FPPs (those with FPP>68.3% and FPP>95.4%), the mean FPP of the sample reduce to ∼2.2% and ∼5.9% respectively, which are comparable to the mean FPP (∼2.4% and ∼3.9%) of multiple transiting systems by making the same FPP cuts. With such low mean FPPs, the effects of FPs should be nearly negligible. In Fig.S13 and Fig.S14 , we plot the results of two-population fit for singles using the two high FPP cuts (by keeping candidates with FPP<68.3% and FPP<95.4%) respectively. Qualitatively, the results are comparable to those in the main text without FPP cut (Fig.4) , namely, they all reveal a hot and a cold populations in the singles. Quantitatively, the results are consistent with each other within their 1-σ uncertainties. As compared to Fig.4 , the best-fit mean eccentricities for the hot population are lower (∼ 0.3 − 0.4 as compared to ∼ 0.6), while the fraction of the hot population are somewhat higher (∼ 0.3 as compared to ∼ 0.2).
(2) Alternatively, we try to model the impact of FPs by injecting FPs into our simulations. It is beyond the scope of our work to directly simulate the expected transit duration ratio distribution of FPs from first principles. We instead take an empirical approach by using the KOIs with large FPP according to Morton et al. [61] . In Fig.S15 , we plot the transit duration ratio distributions of KOIs with FFP greater than 68.3%, 95.4% and 99.7%, corresponding to 1-σ, 2-σ and 3-σ confidence levels of FPs. Their distributions (blue, green and red lines) are shallower than expected from the planet models (gray and black lines forē = 0 − 0.5). This is consistent with our qualitative expectation that the duration distribution should be wider for the transits/eclipses from the FPs. Furthermore, we see that the duration distribution of FP is not very sensitive to the FPP criteria. All three FP criteria lead to similar duration distributions while the 3-σ one (red line in Fig.S15 ) has a somewhat larger deviation from the others between T /T 0 = 1 and T /T 0 = 3. Following this approach, we are not able to completely eliminate the true planets to obtain the "pristine" FP transit duration ratio distribution, and also there are systematic uncertainties due to the dependency of FPP estimates on transit duration. Despite these limitations, since the three distributions are similar to each other and consistent qualitatively with expectations from FPs, they may be useful in informing us the effects of FPs on the transit duration ratio distribution. In order to account for the systematic uncertainties as much as possible, below we use all three distributions presented in Fig.S15 to model the FP distributions.
Using the FPP estimates given by Morton et al. [61] , we find that the mean FPP of singles in our original single-planet sample is ∼12%. Thus, we inject 12% simulated candidates with transit duration ratio T /T 0 drawn from the distributions of FPs by adopting various FP criteria as shown in Fig.S15 and discussed in the previous paragraph. We then repeat the two-population fit as done in Fig.4 . In Fig.S16 and Fig.S17 , we plot the results of using the 2-σ (green line in Fig.S15 ) and the 3-σ (red line in Fig.S15 ) FP criteria, respectively. The result of the 1-σ criterion is nearly identical to the one using the 2-σ criterion and is not shown. As can be seen in Fig.S16 and Fig.S17 , the results are consistent with those shown in Fig.4 of the main article -the singles are composed of a major dynamically cold population and a minor dynamically hot population. However, we note that, the goodness of fit with modeling FP injection (Fig.S16 or Fig.S17 ) is considerably worse than that of fit with performing FP cut from the sample ( Fig.S13 and Fig.S14 ). This is not surprising -in the FP injection approach, we implicitly assume that those "hidden" FPs with relatively low FPPs in the sample also follow the injected FP duration distributions selected from high FPPs, but this assumption is almost certainly not warranted.
Based on the above two kinds of analyses, we therefore conclude that the main conclusions shown in the main text (Fig.4) is qualitatively sound despite the uncertainties introduced by FPs.
5.5
Signal-to-Noise Ratio. In this work, the Signal-to-Noise Ratio for detection is cut at SN Rc = 7.1 (Step 4 of Section 2.1) for both simulation and observation. To see how the SNR cut affects our results, we vary the threshold of SNR, i.e., SNRc = 10 and 15, and repeat the same analyses. We find the results are all consistent with those shown in the Fig. 1 and 2 in the main text, suggesting that the adopted SNR cut is unlikely to affect our results.
Stellar Property Calibrator.
As mentioned in Section 1, we derived two sets of uncertainties of stellar properties (e.g. log(g)) based on the calibrators of high-resolution spectroscopy and seismology respectively. All the above results are based on the seismology calibrator. For comparison, we have performed the same analyses as those resulting in Fig. 1 and 2 but using the stellar properties derived from the calibrator of high-resolution spectroscopy. We find that both calibrators generally give consistent results, i.e., the singles are dynamically hot with mean eccentricities about 0.2-0.3, while the multiples are dynamically cold with eccentricities close to zero. Nevertheless, we note that the mean eccentricity of the singles derived from the spectroscopy calibrator is 0.21 ± 0.04, which is somewhat smaller (by about 2 σ) than that derived from the seismology calibrator. [39] in red solid circles and the high-resolution spectroscopic sample [38] in blue open circles. The sample used in this work has log(g) larger than 4, which is shown in black dashed line. 
